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ABSTRACT 
 
     Silver inks are ubiquitous in printed electronic devices due to their high conductivity and 
oxidation resistance.  However, many inks developed to date have numerous drawbacks such as 
difficult synthesis, high annealing temperatures, and electrical conductivities far below bulk 
silver.  The objectives of this dissertation are to (1) design and synthesize reactive silver inks, (2) 
optimize these inks for various printing processes, and (3) produce patterned features with high 
conductivities at modest annealing temperatures.   
Towards these objectives, three reactive inks have been created based on a modified Tollens’ 
reagent process using silver acetate and either ammonium hydroxide, ammonium hydroxide with 
alkyl amines, or primary amines.   The first ink is prepared simply by dissolution of silver acetate 
in ammonium hydroxide. This ink is particle-free and optically clear, yet undergoes rapid 
particle formation upon patterning as evaporation promotes silver reduction.  This ink exhibits a 
low viscosity (2 mPa•s) and high surface tension (63 mN/m).  It can be patterned by direct-write 
assembly using nozzles as small as 100 nm to create features with line widths of approximately 5 
µm. In addition, it can be deposited conformally over large areas using aerosol spray deposition.  
The patterned features exhibit an electrical conductivity of 90% of bulk silver upon annealing at 
100°C.  The conductivity of these features can vary based on heating rates and relatively 
humidity.  Also, this ink cannot be readily patterned by inkjet printing due to its low viscosity 
and high surface tension and exhibits only moderate adhesion on both plastic and inorganic 
substrates.  
     To address these limitations, we created a hybrid reactive silver ink in which alkylamines are 
incorporated with ammonium hydroxide.  This ink is particle-free and optically clear, yet 
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undergoes rapid particle formation upon patterning as evaporation promotes silver reduction.  
This ink exhibits both a higher viscosity (7.3 mPa•s) and lower surface tension (22 – 24 mN/m) 
than the original ink design, enabling patterning by inkjet printing over a wide frequency range 
(2 kHz to 80 kHz).  However, the labile nature of this ligand chemistry results in fast drying that 
ultimately yields printed discrete features that are porous and exhibit inconsistent electrical 
properties (≤1% of bulk silver) when annealed at temperatures ≤ 100°C.  Improvements in their 
electrical performance can be obtained by photonic annealing, which induces rapid coalescence 
of the printed features minimizing their porosity and yielding 85 – 90% of the conductivity of 
bulk silver.   
     Finally, we modified our reactive silver ink chemistry by solely using primary amines rather 
than ammonia, which allows both the ink viscosity and surface tension to be tuned over a wider 
range of values, from 10 - 12 mPa•s and 25 – 27 mN/m, respectively to enable facile patterning 
by inkjet printing and spin-coating techniques.  This ink exhibits significantly improved adhesion 
relative the ammonia-based and hybrid reactive silver inks, while retaining similar electrical 
properties.  Inkjet printed traces annealed at 100°C for 5 minutes exhibit an electrical 
conductivity of 5 – 10% of bulk silver after a single-pass and nearly 90% of bulk silver after five 
passes.  This ink chemistry is suitable for printed electronics and can be further modified for 
conductive textile applications.  
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CHAPTER 1 
INTRODUCTION 
 Conductive inks are widely used in printed electronics manufacturing[1-6].  
Screen printing is the predominant method of patterning conductive electrodes on 
circuits, displays, and photovoltaic devices.  The screens typically produce features with 
minimum widths of 80-100 µm and an aspect ratio approaching unity to ensure high 
current carrying capabilities.  Ink or paste formulations are tailored to exhibit strong shear 
thinning behavior.  Recent efforts to minimize electrode architectures coupled with need 
to pattern large areas on low-cost substrates has led to exploration of new patterning 
techniques, including inkjet[1,7-25], aerosol jet[3,26], electrohydrodynamic jet[27-29], 
and roll-to-roll printing[6,30-35].   
 New conductive inks are needed to fully exploit the potential of emerging printing 
methods. Metalllic inks can be divided into two classes – particle- and solution-based 
formulations.  Particle inks often rely on the use of dispersants and polymeric additives 
that adversely affect the electrical properties of printed features at temperatures below 
200ºC.  Typically, annealing temperatures exceeding 150 – 200ºC are required to initiate 
polymer degradation[17,36].  Moreover, if plastic or paper substrates are used, further 
constraints in processing temperatures may arise.  As a result, the electrical conductivities 
of printed features may be orders of magnitude lower than bulk metals[4,37]. 
Solution-based inks that contain a metal compound or precursor that decomposes 
to yield the desired metal and minimal residue offer an attractive alternative.  Typical 
species are metallic salts with ligands of varying length that decompose when heated or 
washed with a specific solvent[38,39].  While the design of these compounds is not 
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trivial, the potential for improvement is large compared to particle-based ink designs.  
Because these compounds dissolve in the chosen solvent, particle stability is no longer a 
concern obviating the need for polymer dispersants or other species that increase the 
required annealing temperature of the printed features. 
My dissertation focuses on designing reactive silver inks for printing highly 
conductive electrodes on glass, plastic, paper, and textile substrates.  These inks must 
meet several design criteria.  First, they must be easy to synthesize.  Second, their 
viscosity should be tunable to enable use in high-throughput, fine feature patterning 
methods, such as direct-write assembly, inkjet printing, aerosol jet printing, or airbrush 
spraying.  Third, they should be highly conductive when patterned at room temperature 
and achieve close to bulk conductivity upon annealing at mild temperatures (<100ºC).  
Finally, these inks should remain stable for months without particle precipitation or 
aggregation.   
1.1 Dissertation Scope 
The primary aims of this dissertation are to create novel silver ink chemistries that 
are simple to synthesize and achieve high conductivities upon annealing at temperatures 
below (or near) 100ºC.  A complementary aim of this research is to tune these inks to be 
compatible with various printing techniques in order to create fine electrodes that can be 
employed in printed electronic devices.  First, we create a reactive silver ink containing 
only ammonium hydroxide, silver acetate, and formic acid, which can be patterned 
through 100 nm nozzles via direct ink writing (DIW).  Second, this ink is chemically 
modified to achieve higher viscosities and lower surface tension by employing alternate 
complexing ligands than ammonia.  Specifically, primary amines are used to enhance the 
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steric hindrance of the complex and reduce the surface tension to create a modified 
reactive silver ink that is compatible with fine-scale inkjet printing.  Additionally, an ink 
optimized for aerosol printing is also demonstrated.  Finally, as a side effort, additional 
modifications that allow these inks to be utilized in conductive textiles are demonstrated.  
Each of these reactive silver inks are simple to make and exhibit conductivities of up to 
90% of bulk silver upon annealing at temperatures ranging from 80ºC – 120ºC.    
1.2 Dissertation Organization 
 In Chapter 2, the pertinent literature is reviewed with an emphasis on reported 
silver ink compositions, patterning techniques, and annealing conditions.  In Chapter 3, 
ammonia-based reactive silver inks are synthesized and their fundamental chemistry and 
initial patterning results via direct ink writing are discussed.  In Chapter 4, modified 
reactive silver inks that are optimized for inkjet printing are described.  Chapter 5 
discusses further modfications to the reactive silver ink chemistry that allow for good 
printability and much improved annealing characteristics of the film.  Finally, the 
conclusions of my dissertation are summarized in Chapter 6 followed by appendices on 
other ink variations for conductive textiles. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction 
This literature review begins with an overview of conductive inks used in printed 
electronics with an emphasis on silver nanoparticle and precursor-based inks.  Next, several 
patterning methods are described in detail.  Finally, the annealing and corresponding electrical 
conductivity of these conductive inks are discussed. 
2.2 Conductive Inks 
 Several types of conductive inks have been recently developed, including conductive 
polymer[1-10], carbon-based[11-23], and metallic inks[24-45] (Figure 2.1). Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate), PEDOT:PSS, is the most promising conductive 
polymer due to its relatively high conductivity and stability (see Table 2.1) compared to 
polyaniline[3-5,38,46,47] and polyacetylene[1,48].  These inks consist of a small amount of 
PEDOT (typically no longer than 20 backbone units) dispersed in a matrix of PSS, as shown in 
Figure 2.1a.  Commercially available inks (Figure 2.1b) produce printed features that exhibit 
electrical conductivities (Table 2.1) between 2-3 orders of magnitude lower than those produced 
by metallic inks.  PEDOT:PSS is transparent, making it a possible candidate for touch-screens 
and other devices that utilize transparent electrodes.  However, PEDOT:PSS is also hygroscopic, 
so barrier layers must be applied to prevent its degradation under ambient conditions.  Its 
electrical conductivity is also highly dependent on the orientation of the PEDOT backbone units 
within the PSS matrix, which can be altered via solvent interactions.  Further optimization of 
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conductive polymer inks is an active area of research[3,49].  Below is a table of typical electrical 
conductivity values reported for conductive polymer inks. 
Table 2.1: Properties of Conductive Polymers 
Polymer Type Annealing Conditions Conductivity (S/cm) 
Poly(acetylene) Room temperature 104  
Poly(aniline) Room temperature 102 
PEDOT:PSS Spin coat 150ºC 103 
  
 Carbon-based inks that contain either carbon nanotubes[12,17,19] or graphene[11-16] 
have recently garnered much attention.  Carbon nanotubes can be synthesized in either single or 
multi-wall forms with semiconducting or metallic behavior[12,22].  Metallic carbon nanotubes 
have the most appeal for conductive inks due to their high theoretical conductivity of 106 
S/cm[12].  Metallic carbon nanotubes have been used for transparent electrodes as well as 
conductive paper-based battery electrodes[12,18,19].  Figure 2.1c shows a graphene ink that 
employs a unique solvent system that allows dispersion of single sheets of graphene particles.  
Figure 2.1d shows a carbon nanotube dispersion that has been successfully separated according 
to tube morphology.  Graphene is a single sheet of carbon atoms that can theoretically possess an 
electrical conductivity even higher than that of bulk metals; however, this has not been 
demonstrated to date.  Graphene is extremely sensitive to non-planar regions that greatly 
decrease conductivity[12].  To date, graphene inks have been developed for low-cost, disposable 
RFID tags[50] and transparent electrodes[12,15,16].  These inks yield printed electrodes with 
electrical conductivities equivalent to those of conducting polymer inks (102 - 103 S/cm).         
 Metal nanoparticle (NP) inks take advantage of the reduction in annealing temperature 
that arises with decreasing particle size[51,52] (Figure 2.2).  Although, in practice, the annealing 
temperatures used are considerably higher than theoretically predicted due to the presence of 
organic process additives.  For example, capping agents required to keep the nanoparticles stable 
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in solution are not removed until their decomposition temperature has been reached[34].  While 
inks consisting of silver[28,39,42,43,53,54], copper[27,55-57], and nickel[27] particles have 
been reported, silver particles are typically employed in most printed electronics applications.  
Their oxidation behavior enables annealing at low temperatures in air.  Silver also possesses the 
highest conductivity (6.3•105 S/cm) at room temperature of any known material.  The synthesis 
of silver nanoparticles typically requires the use of solvent(s), reducing agent(s), and capping 
agent(s) in order to control the particle size and morphology[31,34,46,58-62].  For example, 
silver nanoparticles can be formed using silver nitrate as the metallic precursor, aqueous 
polyacrylic acid as a capping agent, and diethanolamine as the reducing agent[42], as shown in 
Figure 2.1e.  Xerox has reported numerous advances in silver nanoparticle-based synthesis, as 
shown in Figure 2.3.  These inks typically rely upon long chain alkyamines or carboxylic acids in 
toluene to produce sub-10nm particles that are reduced with a sterically hindered reducing agent, 
such as phenylhydrazine.  Other inks have also been developed that use less toxic reducing 
agents such as tin (II) acetate[28].  These inks typically result in printed traces with electrical 
conductivities between 102 and 105 S/cm depending on the amount of polymer used as well as 
annealing temperature.       
Several precursor-based silver inks have also been recently reported[63],[38,64-67].  
Precursor compounds are inherently soluble[68] resulting in inks that can be stored for a 
significant time while maintaining their printability.  Upon deposition, thin, smooth features are 
observed due to the lack of discrete silver particles[38].  For example, Inktec (South Korea) has 
developed a novel, precursor-based compound based on a silver carbamate salt that decomposes 
upon heating to 150°C, yielding printed features with 3-5 times lower electrical conductivity 
than bulk silver.  Xerox has developed silver precursor inks that rely on a silver salt that uses a 
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relatively weak reducing agent (ethanolamine) that is preferentially complexed by a long chain 
stabilizing acid such as capryllic acid[38].  Upon heating to temperatures near 150°C, 
decomposition of the complex results in a silver film that is 10-20 times less conductive than 
bulk silver[38,46,67,69].  Similar to the Xerox complex, researchers have also developed a silver 
precursor based on diethanolamine that decomposes at temperatures above 50ºC to yield 
conductivities that are 4 times less conductive than bulk silver.  Despite the high conductivities 
associated with this precursor ink, stability is a major drawback as its shelf life is measured in 
hours rather than months[70].  
2.3 Patterning Methods 
 Multiple printing methods have been developed, which utilize inks of varying viscosity, 
including inkjet, electrohydrodynamic jet, aerosol, roll-to-roll, screen, and direct ink 
writing[42,71].  To date, screen printing (Figure 2.4a) has dominated the printed electronics 
industry to date due to the ease of printing relatively thick conductor traces (several microns in 
height) that carry large currents.  However, the inability to screen print line widths below ~ 80 – 
100 µm necessitates the development of alternate patterning strategies. 
 Inkjet printing offers a promising approach, because it has been used and optimized for 
decades in graphics and communication.  Conductive features can be patterned by employing 
functional inks with low viscosity (10-15 cPs) and modest solids loading (20 wt%)[40,72-77].  In 
commercial inkjet printheads, fast print speeds of up to 1 m/s can be accomplished.  Feature sizes 
as small as 20 µm have been reported using small droplet volumes.  However, these require high 
resolution printers that typically do not exceed printing speeds of 10 cm/s[73].  Due to their low 
viscosity, the ink droplets undergo wetting and spreading, which limit their use in devices where 
fine conductive features are required (<10 µm)[78,79].  In addition, the printed features typically 
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possess low aspect ratios (<0.1) and thus require multiple passes to produce thicker traces.  
Figure 2.4b shows a basic schematic of the printing process as well as an actual printer and 
nozzle (inset) with a printed device.  The physics of dorp formation, wetting, and spreading are 
well studied.  Several key scaling parameters have been identified, including the Reynolds (Re), 
Weber (We), and Ohnesorge (Oh) numbers, which are provided in equations 2.1 – 2.3 below[78].  
In addition, the minimum velocity (νmin) required to physically break the jet into droplets is given 
by equation 2.4.  
                     2.1 
                2.2 
               2.3 
                2.4 
where ρ is the fluid density, ν is the fluid velocity, L is the characteristic length (droplet diameter 
in the case of inkjet), µ is the viscosity, dn is the nozzle diameter, and γ is the surface tension.  A 
processing map that delineatess regions of reliable jetting is shown in Figure 2.6, where Z is the 
inverse Ohnesorge number.  If the surface tension of the ink is too high or the droplet too large as 
shown in the right side of the graph, satellite droplets may form as a result of Plateau-Rayleigh 
instabilities.  If the viscosity of the ink is too high, droplet formation will not occur.  Most 
printheads alleviate this issue by promoting localized heating at the nozzle surface to lower 
viscosity.  If the jetting velocity is too high, the droplets will impinge on the substrate with 
enough energy to create splashing, i.e., each droplet will break up into several other droplets at 
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the substrate surface.  If the velocity is too low, droplets do not form.  The conditions required 
for successful inkjet printing can be elucidated quantitatively.  The Reynolds number relates the 
inertial forces to the viscous forces via a dimensionless quantity.  Typical values for inkjet 
include a density of 1 – 1.5 g/cc, a velocity of 1-10 m/s, a characteristic length of length of 10 – 
30 microns, and a viscosity of 2 – 20 mPa•s.  Re should typically be in the 0.5 – 10 range for 
reliable jetting.  The Weber number correlates inertial forces to surface tension forces.  For inkjet 
printing a typical value of surface tension is in the 20 – 50 mN/m range.  The Ohnesorge 
numbers relates the two aforementioned quantities and is typically between 0.1 and 10 or, 
alternately the inverse Ohnesorge number, Z, must lie between 1 and 10.  While not shown in the 
figure, the minimum droplet velocity relates the surface tension forces to the size of the hole for 
the inkjet print head and the density of the ink.  Most inkjet printheads are coated in a 
fluoropolymer or analogous omniphobic coating to minimize the velocity required to allow 
droplet formation at an acceptable velocity (typically 1 – 10 m/s with 5 – 10 m/s being ideal).  In 
practice these physical parameters can be modified by varying the ink chemistry or printing 
conditions. For example, polysiloxanes or fluoropolymers lower the surface tension of aqueous 
inks, while polyelectrolytes promote adhesion.  However, their introduction can also result in 
undesired consequences, such as the need to use higher annealing temperatures to drive their 
decomposition[80].   
     After achieving reliable droplet formation during inkjet printing, another important 
consideration is how the droplets wet and spread on the underlying substrate.  As discussed 
above, the droplet-substrate interactions must also be carefully considered, given the low 
viscosity and high speed at which the ink droplets impinge on the solid substrate surface.  A 
parameter space map is provided in Figure 2.7.  These interactions dictate the optimal droplet 
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spacing, to both yield continuous printed features, yet minimize their lateral dimensions (i.e., line 
width, w).  The Bond number (Bo) describes the relative contribution of gravitational and 
surface[78]. 
                2.5 
              2.6 
where ρ is the fluid density, g is gravitational acceleration, L is the droplet diameter, p is the 
droplet spacing, γ is the surface tension, w is the width of the trace, and θ* is the static advancing 
contact angle.  It should be noted that the Bond number only dictates equilbrium interactions 
between the substrate and impinging droplet, thus, droplet velocity does not affect this value due 
to its transience in the scheme of equilibrium droplet wetting.  The parameter space given shows 
the transient effects of droplet spreading due to the Weber and Ohnesorge numbers.  This is due 
to the surface tension interactions of the droplet with the substrate in addition to the interplay 
between viscous and interfacial forces that control droplet wetting and spreading on a substrate 
of known surface energy and wetting characteristics.  A diagram shown in Figure 2.8 illustrates 
w as described in equation 2.6.  While inkjet is perhaps the most studied ink printing method, it 
poses many challenges from a functional material deposition technique especially for aqueous 
formulations due to the strict range of solution parameters required to ensure successful 
patterning .          
 Electrohydrodynamic printing is a relatively new technique that utilizes principles from 
electrospinning to dispense ink droplets from a micronozzle onto a conductive substrate.  Droplet 
sizes down to 500 nm have been reported with good repeatability to create high resolution 
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images[81-83].  While this technique offers much promise for small feature size patterning, the 
use of conductive substrates limits the application of this technique for many device architectures 
in printed electronics.  
 Aerosol jet printing is another emerging technique that operates using the same principles 
as airbrush spraying.  In this method, the ink is aerosolized and then flow-focused using a sheath 
gas resulting in printed features with widths as small as 10 µm[28,57,84,85].  Unlike inkjet 
printing, which requires carefully tailored inks for reliable printing, aerosol jet printing is tolerant 
to broad variations in surface tension, viscosity, and particle size.    
 Roll-to-roll printing methods utilize inks of varying properties to print features at high 
rates of speed (> 1 m/s) with limited resolution (50 – 100 µm)[9,15,86,87].  This method is 
popular for producing large numbers of devices for low-cost applications, e.g., RFID tags.  
Figure 2.4c shows a schematic of the printing process followed by an actual machine and a 
resultant printed device using conductive ink.   
 Direct ink writing is an emerging technique with unique patterning capabilities.  A 
viscoelastic ink, similar in consistency to screen printing inks, is extruded out of a nozzle 
mounted on a 3-axis motion-controlled, robotic stage.  The ink filaments have a high aspect ratio 
and maintain a similar size to the nozzle, which ranges from ~0.5 µm – 1 mm.  Their rheological 
behavior can be tuned to enable printing in plane on both flat[71] and curvilinear substrates[88] 
as well as omnidirectional printing of features in air[42] (Figure 2.5).  Inks designed for this 
method can also be modified for use in rollerball pens for facile, low-cost patterning on paper 
and other substrates.[43] (Figure 2.9).  While unique 3D structures can be fabricated by DIW that 
are difficult or impossible to do with any of the aforementioned planar printing methods, new 
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advances are required to increase the printing speed for use in high volume manufacturing 
processes. 
2.4 Annealing Methods 
 Numerous methods exist to transform as-printed inks into highly conductive traces, 
including drying[43,89,90], solvent washing[91], heating[28,42,54], UV curing[92-94], photonic 
annealing[95,96], and laser annealing[85,97-99].  Of these, the most common method is to 
anneal them at elevated temperatures.  During this process, any residual organics are volatilized 
and particles are densified together.  Nearly every conductive ink is processed this way – silver 
nanoparticle inks require heating to 100ºC – 550ºC, while precursor inks require 120ºC – 250ºC.   
 A novel development in particle-based inks is the concept of polymer desorption[89].  In 
one example, polyacrylic acid (PAA) capped silver nanoparticles are introduced to polycations 
that bind PAA and desorb these species from the particle surfaces. This approach results in room 
temperature coalescence of the silver particles upon printing, yielding traces with conductivities 
within an order of magnitude of bulk silver[89] (Figure 2.12).  Alternately, hydrochloric acid can 
be used to promote polymer desorption upon drying, leading to coalescence of the particles at 
room temperature, as shown in Figures 2.11 and 2.12.  Conductivities attained using this method 
approach half that of bulk silver[90].   
 High conductivities of patterned silver nanoparticle traces have also been achieved by 
solvent washing[91].  This method utilizes a capping agent, such as dodecylamine.  Once the 
particles have been printed, the substrate is dipped into a good solvent for the capping agent.  
Spontaneous sintering of the particles was observed at room temperature.  Although high 
conductivities result, this method is not practical for silver inks used in printed electronics[91]. 
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 An intrinsic property of most silver salts is their UV sensitivity.  In fact, silver salts were 
originally used as photosensitive compounds for image development on film.  The mechanism of 
colloidal silver formation from silver salts has been thoroughly studied[93].  Briefly, low 
wavelength light causes excitation of an electron in a silver salt.  This electron then attracts 
nearby silver cations resulting a small cluster of silver atoms.  Development with a reducing 
agent results in a clear picture due to the contrast between reduced and non-reduced areas.  This 
approach has also been employed to yield conductive traces for printed electronics.  Typically, 
these traces must be washed after UV exposure with a reducing agent to make the traces more 
conductive.  Tanaka Kinkinzoku Kogyo (Japan) has commercialized an ink that requires only 
UV light to create conductive circuits.  However, the bulk conductivity of this ink is three orders 
of magnitude lower than bulk silver. 
 Photonic annealing is an emerging technique in which high intensity, broad band-width 
light is directed onto a light absorbing film.  Intensities in excess of 1 J/cm2 can result in 
temperatures of over 1000ºC for short duration (~ 0.001 s)[96].  This method shows much 
promise for large-scale manufacturing on low thermal diffusivity substrates, such as plastic and 
paper.  However, it is largely incompatible with glass and silicon due to their comparatively high 
thermal diffusivities, which require much higher intensities to reach the aforementioned 
temperatures.  Due to the fast nature of the reaction, photonic annealing can also process copper 
in ambient atmosphere without oxidation, if the ink is properly designed.  Both Novacentrix as 
well as Xenon Corporation have developed commercial lamps.  Their efforts have largely been 
driven by roll-to-roll printing, which require high-speed annealing approaches. 
Laser annealing is a related method, which induces local sintering of patterned silver inks 
without heating the substrate.  This method is less restricted by the substrate material, since the 
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laser light is directed onto the particle traces.  However, precise positioning of the laser is 
required, which becomes increasingly difficult as the printed features become smaller or are 
moved on a substrate web at high speeds in a production environment.  
2.5 Summary 
In this chapter, we have reviewed the synthesis of conductive inks with specific emphasis on 
silver nanoparticle and precursor inks.  Silver inks constitute over 90% of the $1.5B of materials 
used annually by the printed electronics industry due to their high conductivity and oxidation 
resistance.  However, their high cost and annealing temperatures required render them 
inadequate for many applications that would benefit from the intrinsic properties of silver.  This 
limitation is addressed in Chapter 3, by synthesizing low-cost, reactive silver inks.  These inks 
can be modified for use in inkjet printing, as demonstrated in Chapter 4.  They can also be 
further improved for several inkjet nozzles and other printing techniques as shown in Chapter 5.  
Finally, application of these novel inks to produce conductive thread for wearable electronics is 
described in the Appendix. 
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2.7 Figures 
 
 
 
Figure 2.1: (a-b) Examples of conducting polymer (PEDOT:PSS)[49], (c) graphene[13], (d) 
carbon nanotube[12], and (e) metallic nanoparticle inks[42]. 
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Figure 2.2: Relationship between melting temperature and silver particle diameter[100]. 
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Figure 2.3: Schematic of various synthesis schemes used by Xerox to create silver 
nanoparticle[46,67] (a,b) and precursor[38] (c) inks. 
a 
b 
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Figure 2.4: (a) Screen printing schematic followed by a patterned screen[101] and photovoltaic 
device[102]. (b) Schematic of inkjet printing[103] followed by the actual printer and a 
device[67]. (c) Schematic of roll-to-roll printing[9] followed by an actual printer and patterned 
electrodes[87]. 
a 
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Figure 2.5: (a) Schematic illustration of omnidirectional printing and optical image of apparatus 
used (inset). (b) TEM image of the synthesized silver nanoparticles and optical image of the 
concentrated ink (inset). (c) Shear elastic modulus as a function of shear stress for the silver 
nanoparticle inks of varying solids loading[42]. 
 
 
Figure 2.6: Parameter space of inkjet printing for reliable droplet formation and ejection 
reproduced from Derby[78]. 
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Figure 2.7: Parameter space of inkjet printing for droplet spreading reproduced from Derby[78]. 
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Figure 2.8: Diagram illustrating the variables in equation 2.6 such as droplet pitch (p), track 
width (w), droplet diameter (d), and contact angle (
  
θ )[78]. 
	   28	  
 
Figure 2.9: (a) Optical image of a rollerball pen loaded with a conductive silver ink.  The 
background shows conductive text written on Xerox paper. (b and c) SEM images of the side of 
the top views of the rollerball pen. (d) Optical image of the rollerball pen tip, captured during 
writing a conductive silver track on a Xerox paper[43].
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Figure 2.10: Zeta-potential dependence of silver nanoparticle stability (a) shows the zeta 
potential of silver clusters as a function of polyelectrolyte (b) shows average particle size as a 
function of zeta potential[89]. 
 
Figure 2.11: Polymer desorption via ion exchange (a) shows the desorption of carboxylate 
groups as a function of increasing NaCl concentration (b) shows a schematic of polymer 
desorption via ion exchange on the surface of the silver nanoparticles (c) shows the average 
particle size as a function of NaCl concentration[90]. 
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Figure 2.12: Patterning and coalescence of silver nanoparticles via evaporative lithography and 
polymer desorption (a) shows deposition of the silver nanoparticle solution over a metal grid (b) 
shows the evaporative assembly of the nanoparticles to form a transparent grid (c) shows 
coalescence induced by ion exchange at the surface of the particles[41]. 
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CHAPTER 3 
 
SYNTHESIS AND PATTERNING OF  
AMMONIA-BASED REACTIVE SILVER INKS 
 
3.1 Introduction 
     Silver complexes have long been a staple of organic chemistry for qualitative 
chemical analysis.  The original Tollens’ reagent was reported in 1882[1].  This same 
reagent remains the industry standard for silver mirroring and is also used as a common 
reagent for the detection of aldehydes in solutions of ketones.  One of the primary reasons 
this reagent has not changed in over a century is its ease of synthesis using standard 
chemicals, i.e., silver nitrate, ammonium hydroxide, and water.  Equally important, the 
Tollens’ reagent enables the formation of smooth, highly reflective silver films on flat 
surfaces such as glass.     
     Despite these advantages, there are several drawbacks inherent with the process.  First, 
the solution has a very limited lifetime even before a reducing agent is added.  
Ammoniacal solutions of silver nitrate can lead to explosive residues.  First, the silver 
oxide intermediate converts to the diamminesilver (I) nitrate complex.  This further 
decomposes to silver nitride and fulminate compounds[2].  These compounds are shock 
and heat sensitive and can explode with very little warning or provocation.  Also, 
ammoniacal solutions also give way to an ammonium nitrate byproduct that when 
initiated by the shock of silver nitride decomposition can itself become an explosive.  For 
these reasons, Tollens’ reagents are prepared fresh and typically used for only hours at a 
time.  Moreover, the amount of silver that is dissolved in solution is limited to minimize 
the amount of possible explosive byproduct.  Finally, mirroring solutions are an 
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electroless plating bath, hence once the reducing agent is added to the Tollens’ reagent, 
silver begins immediately precipitating out of solution until it is eventually exhausted.  
Electroless plating baths are inefficient because of the excess of solvent required, which 
creates undesirable environmental effects due to waste. 
     To overcome these limitations, we designed a reactive silver ink complex that retains 
the original diamminesilver (I) salt but replaces silver nitrate with silver acetate.  Silver 
acetate is readily soluble in ammonium hydroxide as well as primary amines in water.  
The acetate counter ion protonates to acetic acid, which readily evaporates upon mild 
heating with the addition of a reducing agent.  Also, the acid content lowers the solution 
pH resulting in a more stable complex, alleviating any concerns about forming potentially 
explosive byproducts such as silver nitride, silver fulminate, or ammonium nitrate.  
Formic acid and its salts are used exclusively as the reducing agent.  When formic acid is 
added to solution, the acetate ion is protonated to acetic acid and a diamminesilver (I) 
formate complex is formed (shown in 3.2.2).  Once the solution is heated, the ammonia 
or amines evaporate leaving the silver ion vulnerable to attack from the formate ion 
resulting in reduction to silver metal and oxidation of the ion to carbon dioxide (shown in 
3.3.4).  Thus, the only residual products left on the substrate are pure silver metal upon 
annealing at mild temperatures (<100ºC).    
3.2 Experimental Methods 
3.2.1 Materials 
Silver acetate (CH3COOAg, ReagentPlus®, 99%) and formic acid (HCOOH, ACS 
Reagent, ≥88%) are purchased from Sigma-Aldrich (Milwaukee, WI).  Ammonium 
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hydroxide (Certified A.C.S. Plus, 29.3% assay) is purchased from Fisher Scientific 
(Pittsburgh, PA).  All chemicals are used without further purification. 
3.2.2 Reactive Silver Ink Synthesis 
     Ammonium hydroxide-based reactive silver inks are synthesized by vortex mixing 1 g 
of silver acetate into 2.5 mL aqueous ammonium hydroxide at room temperature for 15 
sec.  Formic acid (0.2 mL) is then titrated into the solution dropwise for 60 sec – vortex 
mixing after each added drop.  The solution changes in color from light orange to brown 
to grayish black indicating the rapid reduction of silver ions to large silver particles. The 
solution remains undisturbed for 12 h to allow the large particles to settle out yielding a 
clear supernatant that is decanted and filtered through a 200 nm syringe filter (Whatman 
Filters, Anotop 25).  This clear solution contains 22 wt% silver and serves as the reactive 
silver ink.  The sediment is composed of large silver flakes (> 10 µm in size) 
corresponding to approximately 31% of the initial silver content used. 
In a typical Tollens’ reaction preparation, dilute silver nitrate and dilute sodium 
hydroxide precipitate a silver oxide intermediate that redissolves in solution following the 
addition of aqueous ammonia to create the Tollens’ reagent.  The typical reactions 
proceed as follows: 
! 
2AgNO3 + 2NaOH H2O" # "  Ag2O + 2NaNO3 + H2O
Ag2O + 4NH3 + 2NaNO3 + H2O NH3 / H2O" # " " " 2Ag(NH3)2NO3 + 2NaOH  
 
Our modified Tollens’ process is based on the following reactions: 
 
  
2AgCH3CO2 + 2NH4OH H2O⎯ → ⎯  Ag2O + 2NH4CH3CO2 + H2O
Ag2O + 4NH3 + 2NH4CH3CO2 + H2O NH3 / H2O⎯ → ⎯ ⎯ ⎯ 2Ag(NH3)2CH3CO2 + 2NH4OH  
    
It is well known that Tollens’ reagents require excess ammonia (≥ 4:1 ratio)[2].  The 
initial translucent red color that forms corresponds to dissolved silver oxide that has not 
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been fully converted to the Tollens’ reagent.  Upon addition of formic acid, unprotected 
silver is reduced to form particles (31% by weight) that must be removed by 
sedimentation.  Approximately 40% by weight of the added formic acid is consumed in 
this process.  The remaining formic acid neutralizes ammonium hydroxide by protonating 
the hydroxide to water and creating ammonium formate.  The corresponding decrease in 
pH (from 14 to 10.6) enables more free ammonia to exist in solution, thereby creating the 
desired modified Tollens’ reagent.  Notably, this Tollens’ reagent contains a high 
percentage of silver in solution compared to the originally reported Tollens’ reagent 
chemistry.  The reactive silver ink is composed of this final solution, which contains 
diamminesilver (I) cations, acetate anions, and formate anions.  In a sealed glass vial, the 
ink is stable at room temperature for 4-6 months.  However, its stability can be extended 
beyond 6 months by storing the ink in an opaque vial under refrigerated conditions.  
Despite the inherent advantages of the aforementioned complex, printing with these inks 
can be somewhat difficult due to their high surface tension (~60 mN/m) and low viscosity 
(2 mPa•s).  Various additives, such as diols, may be used to tune these key parameters 
and are explored in section 3.3.3.      
3.2.3 UV/Vis Absorption  
The UV/Vis absorption spectrum of the reactive silver ink is obtained using a CARY 
500 Scan UV-Vis-NIR spectrophotometer (Varian, Inc.) with a standard 1 cm liquid 
cuvette.  Background calibration is obtained using deionized water.   
3.2.4 Rheological and Surface Tension Measurements 
The ink viscosity is acquired in shear viscometry mode using a stress-controlled 
rheometer (AR-G2, TA Instruments, New Castle, DE).  Measurements are performed 
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with a small double gap geometry that requires 5 mL of solution.  All measurements are 
performed at 23°C using a solvent trap to prevent evaporation.  The apparent viscosity (η) 
is acquired as a function of shear rate (10-1000 s-1) in a logarithmically ascending series.  
Small samples are also tested using a microVisc capillary viscometer to verify small 
sample consistency and changes in viscosity by adding small amounts of various 
chemical constituents for printing processes. 
Pendant drop tensiometry is performed using a Rame-Hart 250 G/T. An adjustable 
dispensing syringe is filled with the reactive silver ink and slowly ejected out of the metal 
nozzle to form a sphere on the tip.  A short movie of the nozzle falling from the tip is 
captured.  Each frame is analyzed using DROPimage Advanced software to find the 
precise moment of droplet formation, and this information is used to perform the 
measurement.  These measurements are then averaged over 10 separate drops to yield the 
final surface tension value.  Each measurement set is calibrated against deionized water 
as a baseline.   
3.2.5  Thermogravimetric Analysis and X-Ray Diffraction 
     Thermogravimetric analysis is performed using a Q50 (TA Instruments, New Castle, 
DE).  An air environment is simulated by co-flowing 79% nitrogen and 21% oxygen at a 
volume rate of 100 mL min-1.  For the ammonium hydroxide samples, one sample is held 
at 23°C for 48 h, and the other sample is ramped at 10°C min-1 to 90°C and held at this 
temperature for 30 min.  Each sample consists of 40 µL of ink placed in a 90 µL alumina 
cup.  
     X-ray diffraction (XRD) is performed using a Siemens Bruker D5000 (Bruker, Inc., 
Madison, WI) with Cu Kα radiation and 2θ values from 10º - 140°.  Low background 
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holders are custom machined from acrylic rod.  Samples are prepared by allowing 2 mL 
of reactive silver ink to either evaporate at 23°C for 24 hr or anneal at 90°C for 15 min.    
3.2.6  Ink Patterning Methods 
     Direct ink writing is carried out using a 3-axis micropositioning stage (ABL 900010, 
Aerotech, Inc., Pittsburgh, PA), whose motion is controlled by computer-aided design 
software (A3200, Aerotech, Inc., Pittsburgh, PA).  The reactive silver ink is housed in a 
syringe (3 mL barrel, EFD, Inc., East Providence, RI) attached by luer-lok to a 
borosilicate nozzle (100nm tip diameter, World Precision Instruments, Inc., Sarasota, FL) 
that has been coated in a fluoropolymer (PFC504A-FS, Cytonix, LLC, Beltville, MD) to 
prevent wicking of the silver ink on the outside of the nozzle.  An air-powered fluid 
dispenser (Ultimus V, EFD, Inc.) is used to pressurize the barrel and control the ink flow 
rate.  Typically, a pressure of 50 psi is cycled on and off to fill the ultrafine nozzle with 
ink.  The nozzle is then brought into contact with the substrate.  The pressure is removed 
and patterning is achieved by moving the nozzle across the substrate surface at speeds 
ranging from 0.1-5 mm/s at 22ºC - 25°C. 
     Inkjet printing is performed using a Fuji Dimatix DMP 2831 materials printer with 1 
pL cartridges.  The reactive silver ink is modified by adding 10% by volume of 2,3-
butanediol, which serves as both a humectant and viscosifying aid.  Inkjet printing is 
carried out using an ejection frequency of 2 kHz at 30°C.  Droplets are dispensed with a 
spacing of 15 µm.  A custom ejection waveform is generated in order to eliminate 
satellite droplet formation and ensure reliable printing of the ink.    
     Airbrush spraying is performed using an Aztec A7778 double-action airbrush.  The 
reactive silver ink is gravity fed into the airbrush via a 10 mL cup and dispensed by 
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applying a pressure of 25 psi using an Aztec AC200 air compressor fitted with a moisture 
trap.  The substrate used is ethylene vinyl acetate (75 mm x 25 mm).  
3.2.7  Scanning Electron Microscopy (SEM) Atomic Force Microscopy (AFM) 
     SEM images are acquired using a Hitachi S4800 field emission microscope.  The 
tension is set at 10 – 15 kV, and images are captured at varying magnifications ranging 
from 500x to 50,000x.    
     AFM measurements are performed using an Asylum Research MFP-3D in tapping 
mode at 0.5 Hz at a 256 line resolution with Tap300Al-G silicon tips purchased from 
Budget Sensors.  
3.2.8  Electrical Characterization 
     The sheet resistance of annealed, drop-cast films is measured using a RM3-AR four-
point probe coupled to a multiheight probe with a cylindrical head (Jandel Engineering 
Ltd., Linslade, UK).  These films are prepared by drop casting the reactive silver ink onto 
a glass slide followed by evaporation at 23°C for 24 hr or annealing at 90°C for 15 min, 
respectively.  Their film height is measured using a Dektak 3030 (Veeco, Inc.) contact 
profilometer.  The electrical resistivity is determined by multiplying sheet resistance in 
Ω☐-1 by height (cm).  
3.3 Results and Discussion 
3.3.1 Design and Synthesis of Ammonia-Based Reactive Silver Ink 
An optimal ink design must meet the following requirements.  First, the ink synthesis 
procedure should be simple.  Second, the ink should possess low viscosity, so that it is 
compatible with a broad range of patterning techniques, including airbrush spraying, 
direct ink writing, aerosol jet, inkjet, and electrohydrodynamic jet printing. Third, the 
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patterned features should be highly conductive at room temperature and achieve bulk 
conductivity upon annealing at mild temperatures (≤100°C). Finally, the ink should 
remain stable at room temperature for months without particle precipitation.  
     To meet the above criteria, we synthesized a reactive silver ink using a modified 
Tollens’ reagent process[3].  Specifically, we dissolved silver acetate in aqueous 
ammonium hydroxide. Formic acid was then titrated into the solution and mixed 
thoroughly.  Figure 3.1 shows the basic reaction steps to prepare the desired ink. Silver 
particles formed during initial mixing, which were allowed to settle over a period of 12 h 
yielding a stable, clear supernatant that constituted the reactive silver ink. 
     This modified Tollens’ process offers several inherent advantages.  First, by using 
silver acetate in place of silver nitrate, we are able to create a stable, non-explosive silver 
ink[2,4,5].  A phase diagram illustrating the typical safe regions in a Tollens’ solution 
whereby silver nitrate is converted to silver oxide is provided in Figure 3.2. Second, the 
use of formic acid resulted in the formation of carbon dioxide and water, leaving no 
residual reducing agent[6].  Third, by using excess ammonia in water, we directly created 
the diamminesilver (I) complex without the need for a precipitated silver oxide 
intermediate.  The excess ammonia in solution complexes with formic acid resulting in an 
in situ creation of ammonium formate.  The resulting ink contains 22 wt % silver, which 
is comparable to other silver precursor-based inks[7].  
3.3.2 Reactive Silver Ink Properties 
     The reactive silver ink is optically clear (Figure 3.3a).  Its UV/Vis absorption 
spectrum shows a lack of absorption in the 400-425 nm range typically associated with 
the presence of silver particles (Figure 3.3b), thus confirming that the ink is particle-
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free[8].  This ink also possesses a very low viscosity (2 mPa•s) shown in Figure 3.3c 
when compared to previously reported silver particle inks used for rollerball pen[9] 
deposition or omnidirectional DIW[10].  The surface tension of the ink is 63 mN/m, and 
the density of the ink is 1.1 g/cm3.  The parameters are important for the physics of 
droplet formation for low-viscosity solutions.  While the molar ratio of ammonia to silver 
for diamminesilver (I) complex formation is well understood, the molar ratio of water 
required to provide stable solvency for the complex is not.   We used density functional 
theory (DFT) software (ADF2012) was employed to explore the solvency limits of 
complexed silver ions in solution.  Figure 3.4 illustrates eight units of water for each 
diamminesilver (I) complex with an acetate counterion.  Several iterations of this 
simulation revealed that 8 – 12 water molecules were required per diamminesilver (I) 
complex to create a stable, fully solvated complex, which is consistent with our 
experimental findings.  When less than 8 water molecules were used per diamminesilver 
(I) complex, silver plating occurs on the surface of the vial.  More than 8 molecules 
results in a solution with a shelf-life of at least 4 months.          
3.3.3 Reactive Silver Ink Printing  
Due to its low viscosity, this reactive silver ink readily flows through highly flexible, 
ultrafine nozzles (100 nm in diameter) (Figure 3.5a).  Notably, these nozzles can be 
brought into contact with the substrate and bent to nearly 90° without breaking, as shown 
in Figure 3.5b.  During printing, the ink significantly wets and spreads on the substrate 
due to its low viscosity, yielding features with minimum printing widths of 
approximately 5 µm, which are considerably larger than the nozzle size (Figure 3.6a). 
Printed features have varying widths depending on the degree of contact between the 
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nozzle and substrate.  Laser profilometery reveals that the patterned feature height is 
nominally 600 nm ± 40 nm (Figure 3.6b).  Omnidirectional silver features can also be 
printed using this technique due to rapid drying as the ink exits the nozzle as shown in 
Figure 3.7.  By contrast, silver particle inks developed for omnidirectional printing[10] 
and pen-on-paper writing[9] have apparent viscosities roughly 3−5 orders of magnitude 
higher at equivalently low shear rates (Figure 3.3c).  This is due to the presence of silver 
particles, which results in inks that cannot be printed through nozzles that are less than 
approximately 10 µm wide without clogging periodically.   
This reactive silver ink can also be patterned by airbrush spraying using stencils to 
define the patterns of interest. As one example, this approach was used to create a model 
strain gage (Figure 3.8a).  Airbrushed features vary based on the pressure and ink flow 
rate.  These parameters were difficult to control quantitatively due to the inherent 
subjectivity of the instrument.  
Inkjet printing is also attempted using the reactive silver ink.  In order to eject 
droplets from a small opening, surface tension and viscosity much be precisely tuned as 
shown in Figure 2.6.  The figure illustrates a narrow region of overlap between these 
properties that allow reliable jetting.  The ink can be inkjet printed using customized 
waveforms (electric signal used to control the piezoelectric nozzles) to eliminate satellite 
droplet formation, which form readily due to the ink’s low viscosity and high surface 
tension (63 mN/m). Figure 3.8b shows a test pattern composed of printed features with 
minimum widths of 80 - 100 µm deposited on a glass slide from a 1 pL cartridge.  
To further enhance inkjet printing, 10 vol% 2,3-butanediol is added to serve as a 
humectant, viscosifier, and surface tension modifier.  However, it is difficult to form 
 41	  
droplets, because the velocity is relatively low (~ 1m/s), and, as a result, the cartridge life 
is short.  Figure 3.9 is a reproduction of Figure 2.6 with an added blue-black oval that 
denotes the parameter space occupied by this reactive silver ink.  The blue area denotes 
the ink with 2,3-butanediol added, while the black area corresponds to the original ink.  
While the reactive silver ink does not fall in the region that is normally associated with 
reliable jetting, it can be successfully printed.  This Fuji Dimatix printer allows for 
adjustable nozzle voltages of 1V – 40V to promote droplet formation.  Furthermore, a 
vacuum can be applied to the ink reservoir to drive ink flow through the fine nozzles.  As 
a consequence, printing velocities as low as 1 m/s can be achieved rather than 5 – 10 m/s 
typically used in commercial inkjet heads.  Printing velocity is a key variable used to 
control jettability, because of its exponential relationship to We versus linear relationship 
for Re.     
3.3.4 Microstructural Evolution and Electrical Conductivity of Annealed Features 
As the reactive silver ink dries, the labile ammonia ligands evaporate allowing the 
silver cations to be reduced by the formate anions as well as acetic acid produced in 
solution from the uncomplexed silver that was previously reduced.  The combination of 
formate and acetate ions with acetic acid results in a solution that reduces to silver and 
silver acetate particles upon drying.  The assumed decomposition equation for the 
annealed reactive silver ink is given below: 
 
Upon annealing at 90ºC, elemental silver is the only phase that remains due to the rapid 
evaporation of ammonia ligands and low boiling point reactants.  
2Ag(NH3)2CH3CO2 + NH4HCO2 !" # " 2Ag + 5NH3 + 2CH3CO2H + CO2
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     Thermogravimetric analysis (TGA) indicates that the ink contained a solids loading of 
26 wt% when evaporated at 23°C for 24 h and a final silver content of 22 wt% after 
heating to 90°C for 15 min (Figure 3.10a). The maximum silver content is limited by the 
diamminesilver (I) cation solubility in water[11]. Under ambient conditions, residual 
acetate groups are present, which are removed upon heating to 90°C.  X-ray diffraction 
(XRD) revealed the presence of both silver and silver acetate peaks in inks dried at 23°C 
for 24 h, while only silver peaks are observed when the ink is heated to 90°C for 15 min 
(Figure 3.10b).  Based on these data, we estimate that the as-dried ink is composed of 
approximately 57 wt% silver and 43 wt% silver acetate – diamminesilver(I) complexes 
exist only in solution and revert back to their constituent salts upon drying.       
     The SEM images shown in Figure 3.11 reveal significant variations in printed line 
widths (~ 5-10 µm), which arise largely from the poor control over ink wetting and 
spreading.  The higher magnification SEM images (insets) show the presence of fine 
particles that form during the evaporation and subsequent annealing of the printed silver 
electrodes.  The surface roughness of the printed silver electrodes produced by direct ink 
writing is measured using atomic force microscopy (AFM). The root-mean-square 
roughness of the features dried at 23°C is 92 ± 12 nm, which decreased upon annealing to 
84 ± 8 nm, 61 ± 7 nm, and 50 ± 5 nm at 40°C, 80°C and 90°C for 15 min, respectively.  
The electrical conductivity of printed features produced using the reactive silver ink is 
shown in Figure 3.12. For comparison, data are also provided for electrodes produced via 
drop-casting.  Upon drying at 23 °C, the electrical conductivity of electrodes printed from 
the reactive silver ink via DIW exceeds 104 S/cm.  After annealing of the electrodes 
printed from this reactive silver ink at 90°C for 15 min, their electrical conductivity is 
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nearly that of bulk silver (6.25x105 S/cm).  The repeatability of this extremely high 
conductivity value is contingent upon slow heating rates, low relative humidity, and large 
patterns.  Annealing using fast ramp rates (>5ºC/min) can result in unwanted porosity and 
much lower conductivities of 7 – 8 x104 S/cm. High relative humidities (> 40%) require 
annealing temperatures of 120ºC to reach conductivities of 105 S/cm.  Hence, there are 
many factors that may prevent the patterned and annealed features from achieving near 
bulk silver conductivity.  Furthermore, while the reactive silver ink exhibits moderate 
adhesion to poly(ethylene terephthalate) and polyimide substrates, good adhesion 
requires plasma or ozone pretreatment.   
3.4 Conclusions 
We have demonstrated a unique and facile synthesis route for producing reactive 
silver inks that are particle-free, low viscosity, and highly conductive at room 
temperature.  These inks flow readily through ultrafine nozzles enabling patterning of 
conductive microelectrodes for flexible electronics, displays, and photovoltaics.  The 
ability to achieve near bulk silver conductivity upon annealing the printed electrodes at 
90°C for several minutes opens new avenues for integration of printed electronic devices 
on low-cost substrates such as plastic, paper, and textiles.  However, the ink requires 
modification for improved inkjet printing and more reproducible achievement of high 
conductivity features.  Two modified versions of this reactive silver ink will be described 
in detail in Chapters 4 and 5. 
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3.6 Figures 
 
 
 
Figure 3.1: Key constituents in the initial solution, ink, and printed features[12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Phase diagram of ammonia, water, and silver oxide[2]. 
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Figure 3.3: (a) Optical image of reactive silver ink in a scintillation vial. (b) UV-Vis 
spectrum of the reactive silver ink. (c) Log-log plot of ink viscosity as a function of shear 
rate[12]. 
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Figure 3.4: DFT model of amount of water molecules required to solvate diamminesilver 
(I) acetate complex. 
 
 
 a	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Figure 3.5: (a) Rendering of DIW setup for low-viscosity fluids. (b) Optical  
image of 100 nm nozzle bending upon contact with a hard substrate. 
b	  a	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Figure 3.6: (a) 1D array of conductive silver lines (~5 µm wide) printed on a silicon 
substrate via direct-write assembly using a 100 nm nozzle. (b) Laser profilometery of 
serpentine DIW reactive silver ink pattern. 
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Figure 3.7: (a) Optical images of vertical wire that can be bent to make an arch by 
omnidirectional printing. (b) SEM image of this arch [inset shows wire diameter]. 
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Figure 3.8: (a) Optical image of a silver electrode pattern produced by airbrush spraying 
the reactive silver ink onto an ethylene vinyl acetate substrate (25 mm in width). (b) 
Optical image of a representative electrode pattern produced by inkjet printing the 
reactive silver ink onto a glass substrate (~80 µm features)[12]. 
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Figure 3.9: Graph showing printing parameters for reliable jetting.  The blue-black oval 
shows the reactive silver ink’s jettability (black) and the modified ink’s jettability (blue). 
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Figure 3.10:  (a) TGA curves for the reactive silver ink held at 23 and 90ºC in air. (b) 
XRD patterns of films patterned from the reactive silver ink dried at 23ºC for 25 h (top) 
and annealed at 90ºC for 15 min (bottom)[12]. 
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Figure 3.11: SEM images of patterned silver electrodes produced by direct ink writing 
through a 100 nm nozzle [Insets: SEM images of each electrode surface at higher 
magnification][12]. 
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Figure 3.12: Electrical conductivity of printed electrodes (closed squares) and drop-cast 
films (open circles) as a function of temperature[12]. 
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CHAPTER 4 
SYNTHESIS AND PATTERNING OF AMMONIA/ALKYLAMINE-BASED 
HYBRID REACTIVE SILVER INKS 
 
4.1 Introduction 
      Recent efforts in printed electronics have focused on the development of conductive 
inks that are compatible with low-cost substrates[1-5] and high resolution printing 
techniques[6-17].  As a result, inkjet printing has received a great deal of attention due to 
its ubiquity and ability to create feature sizes below 100 µm[8].  While inkjet 
chemistry[18] and the physics of droplet formation[19-22] have been studied extensively, 
the ability to synthesize inks that meet both stability and reliability requirements without 
additives is an elusive goal.   
     Typical inkjet formulations require additives, such as surfactants to lower surface 
tension, adhesion promoters for pattern durability on a variety of substrates, and 
defoamers to counteract bubble formation from lower surface tension due to 
surfactants[18].  Disperants, typically polymeric, are required for stability of any 
dispersed particles present in solution.  These chemical constituents are a necessity in 
order for the ink to meet fairly strict physical constraints on various solution parameters 
that influence Reynolds, Weber, and Ohnesorge numbers[20].  While additives are 
necessary for many inkjet formulations, they also result in counterproductive material 
properties when applied to conductive ink formulations where low temperatures and high 
conductivities are desired.  
     Although precursor inks based on carbamate and thiol complexes have been 
developed[23], they typically do not achieve conductivities greater than 30% of bulk 
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silver (1.8x105 S/cm) at their respective annealing temperatures of 130ºC - 150ºC.  Here, 
we describe a hybrid reactive silver ink design reported in Chapter 3[24], whereby a 
modified Tollens’ complex is created using silver acetate.  This ink is a hybrid version 
that contains both ammonia and alkylamine-based silver complexes.  Our new design has 
several advantages compared to the original reactive reactive ink.  First, this hybrid ink 
has a higher viscosity (7 - 8 mPa•s) and lower surface tension (22 - 24 mN/m) making it 
more suitable for inkjet printing.  Second, its adhesion has been improved for use with a 
broader number of substrates (PET, PEN, PS, PDMS, etc.).  Finally, the synthesis yields 
have been improved to 99% compared to approximately 70% for the original ink.    
4.2 Experimental Methods 
4.2.1 Materials 
Silver acetate (CH3COOAg, ReagentPlus®, 99%), ammonium hydroxide (NH4OH, 
28-30%), tert-Butylamine ((CH3)3CNH2), 98%), tin (II) acetate (Sn(CH3CO2)2), 
ammonium formate (NH4HCO2, ≥99.995% trace metals basis), and formic acid 
(HCOOH, ACS Reagent, ≥98%) are purchased from Sigma-Aldrich (Milwaukee, WI).  
All chemicals are used as received without further purification. 
4.2.2 Hybrid Reactive Silver Ink Synthesis 
     Hybrid reactive silver inks are synthesized by vortex mixing 1 g of silver acetate into 
1.6 mL aqueous ammonium hydroxide at room temperature for 15 sec.  Tertiary 
butylamine (0.4 mL) is then added into the solution.  Ammonium formate (0.32 g) and tin 
(II) formate (1-2 mg) are then added into the solution and dissolved.  The tin (II) formate 
is prepared by dissolving tin (II) acetate in formic acid following a previously reported 
procedure[25].  The reduction reaction using tin (II) formate is shown below: 
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  
Sn(HCO2)2 + 4[Ag(NH3)2]CH3CO2⎯ →  Sn4+ + 4Ag + 8NH3 + 2CH3CO2H + 2CH3CO2 + 2CO2 
The solution changes in color from light red with the initial dissolution to a nearly clear 
solution with the addition of t-butylamine.  Once the ammonium formate is added, the 
entire solution turns completely clear within 30 minutes and precipitates a small amount 
of silver particles over the next 12 h.  The supernatant is decanted and filtered through a 
200 nm syringe filter (Whatman Filters, Anotop 25).  This clear solution contains 24 wt% 
silver and serves as the hybrid reactive silver ink.  The sediment is composed of a small 
amount of fine black particles corresponding to approximately 1% of the initial silver 
content used. 	  	  	  	  	  
Our modified Tollens’ process is based on the following reactions: 
 
  
2AgCH3CO2 + 2NH4OH H2O⎯ → ⎯  Ag2O + 2NH4CH3CO2 + H2O
Ag2O + 4NH3 + 2NH4CH3CO2 + H2O NH3 / H2O⎯ → ⎯ ⎯ ⎯ 2Ag(NH3)2CH3CO2 + 2NH4OH  
 
as well as the following for the di-t-butylamine complex: 
 
  
2AgCH3CO2 + 2(CH3)3CNH3OH H2O⎯ → ⎯  Ag2O + 2(CH3)3CNH3CH3CO2 + H2O
Ag2O + 4(CH3)3CNH2 + 2(CH3)3CNH3CH3CO2 + H2O (CH3 )3CNH2 / H2O⎯ → ⎯ ⎯ ⎯ ⎯ ⎯ 
2Ag[(CH3)3CNH2]2CH3CO2 + 2(CH3)3CNH3OH  
    
     It is well known that Tollens’ reagents require excess amine or ammonia (≥ 4:1 
ratio)[26].  The initial translucent red color that forms corresponds to dissolved silver 
oxide that has not been fully converted to the Tollens’ reagent.  Upon addition of 
ammonium formate, unprotected silver is reduced to form particles (1% by weight) that 
must be removed by sedimentation.  This method results in much higher yields due to the 
markedly decreased proton donation kinectics of a conjugate base of formic acid versus 
pure formic acid as previously reported.  This allows the formate counterion to exchange 
with the acetate ion and protonate to acetic acid without aggressively changing the pH, 
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resulting in much higher yields.  Also, the steric hindrance of the t-butylamine complexes 
is assumed to play a role in preventing premature reduction.  The corresponding pH 
change of the solution remains the same (from 13.8 to 10.9).  It should be noted that 
ammonia is evolved during this process without the reduction of the supernatant resulting 
in the creation of the modified Tollens’ complex.  Notably, our Tollens’ reagent contains 
a high percentage of silver in solution compared to previously reported Tollens’ reagent 
chemistries and even slightly more than our original ink[24].  
     The hybrid reactive silver ink is composed of diamminesilver (I) cations, di-t-
butylaminesilver (I) cations, a mix of ammonia and t-butylamine ligand silver (I) cations, 
acetate anions, and formate anions.  In a sealed glass vial, the ink is stable at room 
temperature for 4-6 months.  However, its stability can be extended beyond 6 months, if 
the ink is stored in an opaque vial and refrigerated.  It should also be noted that there is 
more of a haze present on the glass container due to the slow reduction of some silver 
onto the glass because of the Sn2+ present in solution.  An opaque (or amber) plastic 
container results in the best storage conditions with very little degradation over several 
months.  
4.2.3 UV/Vis Absorption  
The UV/Vis absorption spectrum of the reactive silver ink is obtained using a CARY 
500 Scan UV-Vis-NIR spectrophotometer (Varian, Inc.) with a standard 1 cm liquid 
cuvette.  Background calibration is obtained using deionized water.   
4.2.4 Rheological and Surface Tension Measurements 
The ink viscosity is acquired in shear viscometry mode using a stress-controlled 
rheometer (AR-G2, TA Instruments, New Castle, DE).  Measurements are performed 
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with a small double gap geometry that requires 5 mL of solution.  All measurements are 
performed at 23°C using a solvent trap to prevent evaporation.  The apparent viscosity (η) 
is acquired as a function of shear rate (10-1000 s-1) in a logarithmically ascending series.  
Small samples are also tested using a microVisc capillary viscometer to verify small 
sample consistency and changes in viscosity by adding small amounts of various 
chemical constituents for printing processes. 
Pendant drop tensiometry is performed using a Rame-Hart 250 G/T. An adjustable 
dispensing syringe is filled with the hybrid reactive silver ink and slowly ejected out of 
the metal nozzle to form a sphere on the tip.  A short movie of the nozzle falling from the 
tip is captured.  Each frame is analyzed using DROPimage Advanced software to find the 
precise moment of droplet formation, and this information is used to perform the 
measurement.  These measurements are then averaged over 10 separate drops to yield the 
final surface tension value.  Each measurement set is calibrated against deionized water 
as a baseline. 
4.2.5  Thermogravimetric Analysis and X-Ray Diffraction 
     Thermogravimetric analysis is performed using a Q50 (TA Instruments, New Castle, 
DE).  An air environment is simulated by co-flowing 79% nitrogen and 21% oxygen at a 
volume rate of 100 mL min-1.  For the hybrid samples, one sample is held at 25°C for 48 
h, and the other sample is ramped at 10°C min-1 to 90ºC, 100°C, and 450ºC and held at 
this temperature for 30 min.  Each sample consists of 40 µL of ink placed in a 90 µL 
alumina cup.  
     X-ray diffraction (XRD) is performed using a Siemens Bruker D5000 (Bruker, Inc., 
Madison, WI) with Cu Kα radiation and 2θ values from 10º - 140°.  Low background 
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holders are custom machined from acrylic rod.  Samples are prepared by allowing 2 mL 
of hybrid reactive silver ink to either evaporate at 25°C for 24 hr or anneal at 100°C for 
15 min.  
4.2.6  Matrix Assisted Laser Desorption Ionization (MALDI) 
     Matrix assisted laser desorption ionization (MALDI) is performed using a Bruker 
Daltronics UltrafleXtreme MALDI.  The instrument is calibrated for the mass spectrum 
of interest.      
4.2.7  Inkjet Printing 
     Inkjet printing is performed using a Fuji Dimatix DMP 2831 materials printer with 1 
pL cartridges.  Inkjet printing is carried out using an ejection frequency of 2 kHz - 80 
kHz at 25°C.  Droplets are dispensed with a spacing of 10 - 15 µm.  A custom ejection 
waveform is generated in order to eliminate satellite droplet formation and ensure reliable 
printing of the ink. 
4.2.8  Photonic Annealing 
     Photonic annealing is performed using a Xenon Sinteron 2000 (Xenon Corp., 
Wilmington, MA) annealing unit.  By setting the voltage to 3 kV and a pulse duration of 
1 millisecond, 10 flashes create significant melting and wetting of the features creating a 
conductive path.  
4.2.9  Scanning Electron Microscopy (SEM)  
     SEM images are acquired using a Hitachi S4800 field emission microscope.  The 
tension is set at 10 – 15 kV, and images are captured at varying magnifications ranging 
from 500x to 50,000x.   
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4.2.10  Electrical Characterization 
     Sheet resistance of drop-cast, annealed films is measured using a RM3-AR four-point 
probe coupled to a multiheight probe with a cylindrical probe head (Jandel Engineering 
Ltd., Linslade, UK).  Films were prepared by drop casting the hybrid reactive silver ink 
onto a glass slide followed by evaporation at 25°C for 24 h or annealing at 100°C for 15 
min, respectively.  Each film height was measured using a Dektak 3030 (Veeco, Inc.) 
contact profilometer.  The electrical resistivity was determined by multiplying sheet 
resistance in Ω☐-1 by height (cm). 
4.3 Results and Discussion 
4.3.1 Design and Synthesis of Hybrid Reactive Silver Inks 
     To overcome the limitations for inkjet printing observed for the original reactive 
silver inks described in Chapter 3, our new ink synthesis scheme involves the saturation 
of ammonium hydroxide with silver acetate followed by the addition of tert-butylamine.  
This stoichiometric excess of amine groups enables the formation of diamminesilver (I) 
acetate complexes with both ammonia and tert-butylamine ligands.  Finally, ammonium 
formate with a small amount of tin (II) formate is used as the reducing agent.  By 
utilizing the conjugate base of the previously reported formic acid reducing agent, the 
reduction is much less rapid resulting in increased yields while still maintaining overall 
volatility for low temperature annealing.  Tin (II) compounds are standard adhesion 
promoters for Tollens’ reagent based mirroring solutions and effectively bind a surface 
layer of reduced silver to the substrate by oxidizing from tin (II) to tin (IV)[27].  Tin (II) 
formate is a relatively powerful reducing agent due to its ability to reduce four ammonia 
protected silver (I) ions to metallic silver.  The tetravalent tin cation coordinates with the 
 63	  
reduced silver and a variety of substrates to increase adhesion when added even in 
stoichiometrically negligible amounts on substrates with a relatively low surface 
area[28,29]. 
    The ink can be synthesized in a facile manner similar to that reported for the original 
reactive silver ink (see Chapter 3).  Ammonium hydroxide, tert-butylamine, and silver 
acetate are mixed until the silver salt has completely dissolved.  Finally, ammonium 
formate is added to act as a reducing agent once the stabilizing ligands have evaporated 
during the annealing process.  The addition of ammonium formate results in a much 
slower reduction of unprotected silver in solution, but still changes the pH from 13.8 to 
10.9 over a period of several hours comparable to that of added formic acid.  However, 
since the pH changes much more rapidly in the case of formic acid, particles form much 
more quickly resulting in lower yields.  The resulting ink, shown in Figure 4.1a, is 
transparent and particle-free according to UV-Vis spectroscopy (Figure 4.1b).  These data 
do not show a strong absorption peak between 400 - 425 nm, which is typically 
associated with silver nanoparticle formation[30-32]. 
   Since both ammonia and tert-butylamine are well-known diamminesilver (I) complex 
ligands[33], further characterization is needed to determine the structure of the complexes 
in solution.  To assess this, we used matrix-assisted laser desorption ionization mass 
spectroscopy (MALDI-MS), as reported in Figure 4.2 and Table 4.1.  Figure 4.2a 
illustrates the entire mass spectrum collected.  While each of these peaks is important for 
understanding the chemical structure of this ink, we attribute the relatively high viscosity 
(7.3 mPa•s) observed relative the ammoniacal silver (I) complex ink (2 mPa•s), described 
in Chapter 3, to the increased steric hindrance of the di-tert-butylamine complex.  
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     Table 4.1 lists the key chemical species measured during the MALDI experiment.  
Nearly every permutation of the silver complex with either ammonia or tert-butylamine 
exists in solution in both mono- and di-substituted moeities.  In addition, several 
complexes have reduced silver present, because the ink quickly reduces to silver upon 
evaporation (MALDI experiments are performed in vacuum).  Some low molecular 
weight impurities, such as sodium and potassium at 22.98 m/z and 38.99 m/z 
respectively, are also observed, which may lower the electrical conductivity of the 
annealed ink. Highly pure reagents are not used due to their increased cost.  Note Table 
4.1 only reports those compounds that have not yet repeated with a lower number of 
coordinated silver.  The MALDI data in Figure 4.2b - c provides more detail on the 
observed constituents.   
Interestingly, no tin compounds are found in the MALDI data.  Although they were 
used in very small amounts, some signal is expected.  However, XRD analysis shows 
(Figure 4.3) that at room temperature silver makes up the majority of the signal while 
small amounts of various tin compounds are also observed.  Upon heating to 100ºC, only 
silver is present according to the analysis (Note: marked increase in the primary (111) 
peak), even though tin remains within this material.   
4.3.2 Printing and Annealing of Hybrid Reactive Silver Inks 
     As the ink dries, the labile ammonia and amine ligands evaporate allowing the silver 
cations to be reduced by the formate anions as well as acetic acid produced in solution.  
The combination of formate and acetate ions with acetic acid results in a solution that 
reduces to silver and various silver amine complex particles upon drying.  The assumed 
decomposition equation for the annealed hybrid reactive silver ink is given below: 
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  
2Ag(NH3)2CH3CO2 + NH4HCO2 Δ⎯ → ⎯ 2Ag + 5NH3 + 2CH3CO2H + CO2  
 
for di-t-butylamine: 
 
  
2Ag[(CH3)3CNH2]2CH3CO2 + NH4HCO2 Δ⎯ → ⎯ 2Ag + NH3 + 4(CH3)3CNH2 + 2CH3CO2H + CO2 
 
Upon annealing at 100ºC, elemental silver is the only phase that remains because of rapid 
evaporation of ammonia and amine ligands and low boiling point reactants.       
     Thermogravimetric analysis (TGA) of the ink is shown in Figure 4.4a.  At room 
temperature, the ink slowly dries and will eventually become highly conductive. This 
transition occurs more slowly than the purely ammoniacal ink, due to the higher boiling 
point and lower vapor pressure of tert-butylamine.  However, upon heating to 100ºC, the 
ink fully converts to silver (24 wt%) after only 15 min.  At 25ºC, the ink forms discrete 
silver particles with a somewhat porous morphology as seen in 4.4b.  While the ink will 
eventually convert completely to silver at 90ºC, the SEM image in Figure 4.4c shows that 
the grain growth is considerably less than the 100ºC sample (Figure 4.4d).  This 
difference in grain growth plays a significant role in their observed electrical 
conductivity.  The sample dried at 25ºC achieved an average conductivity of 1.3x103 
S/cm after drying.  At 90ºC, the conductivity ranged between 40-60% of the conductivity 
of bulk silver.  The fully annealed sample (100ºC for 15 min) achieved a conductivity of 
4.8x105 S/cm or ~75% of the conductivity of bulk silver.  This value is lower than that of 
the purely ammoniacal ink due to the effect of both the added tin (II) compounds and the 
lower volatility of tert-butylamine.     
	  	  	  	  	  In order to design a reliable ink for inkjet printing, several solution parameters must 
be considered.  Specifically, the Reynolds, Weber, and Ohnesorge numbers must be 
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precisely tailored in order to ensure droplet formation.  In general, surface tensions below 
50 mN/m with viscosities near 10 mPa•s are optimal for inkjet printing[18,20].  
Specifically for this ink, values of 6 < We < 80 and 4 <  Re < 10 are attainable as shown 
in Figure 4.5.  In contrast to the ink reported in Chapter 3, the We is much more tunable 
due to the lower surface tension of the hybrid ink (22 – 24 mN/m) and higher droplet 
velocities (up to 12 m/s).  This results in large variations in the We due to its dependence 
on v2 in contrast to the direct correlation of v to Re.  While increase the increased 
viscosity of the ink helps lower the Re, the increase in drop velocities counteracts this 
effect resulting in a range similar to the original reactive silver ink.  In addition to drop 
formation dynamics, the interaction of the ink with the substrate also plays a role in 
defining the resolution of printed patterns.  The addition of tert-butylamine serves three 
purposes for inkjet printing.  First, tert-butylamine has a very low surface tension 
allowing droplets to form at much lower excitation voltages than the original reactive 
silver ink.  Second, it acts as a slight humectant, since it has a much higher boiling point 
than ammonia especially in its complexed form with a silver (I) salt as well as its 
hygroscopic nature.  Third, it acts as a viscosifier, since the branched structure has a 
much higher steric hindrance in the context of a di-ligand silver complex. The ink, when 
printed from a 1 pL cartridge, has a drop size of about 20 - 30 µm after deposition on the 
substrate without the need for heating the platen to arrest droplet spreading.  This is due 
to the rapid drying kinetics of the ink in the case of a high surface area to volume ratio 
printing technique such as inkjet printing.  Ammonia and tert-butylamine evaporate from 
the surface resulting in a shell of silver acetate that forms very quickly, similar to results 
shown in Chapter 3.  Since a shell forms rapidly, the aspect ratio of these printed features 
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is abnormally high, and they contain residual porosity.  It should be noted that printing 
through a 10 pL cartridge is unreliable with this ink as well despite the higher viscosity 
and eventual draining (leakage from the nozzles) of the cartridge is observed.   
 Since this ink has a relatively high silver salt content (3 M), a shell of silver acetate 
forms at the evaporation front, which acts as a nucleation site for rapid growth of a thin 
shell of silver acetate across the printed droplets.  Although this shell is immediately open 
to attack from the formate anion, it unfortunately traps a large amount of solvent.  
Therefore, a shell of silver forms from the silver acetate that is initially very smooth, but 
can become porous upon rapid heating as solvent escapes.  Slow heating improves the 
morphology considerably, but still results in porous silver features.  Since a solid shell 
forms on top of the droplets, there is no chance for a thin film to grow on the substrate, 
rather, silver ions reduce preferentially on the silver shell.  Thus, the silver begins to grow 
from the drop surface down as shown in Figure 4.6a instead of from the substrate surface.  
Poor adhesion of the original reactive silver ink is likely due to the lack of an adhesion 
promoter, such as tin, as well as the the porous nature of the printed features.  To 
decrease shell formation, other additives could be included.  For example, a small amount 
of silver oxide is used to replace some silver acetate to hinder silver acetate formation at 
the surface of the drop.  Also, ethylenediamine or diaminopropane can be used to 
increase the solubility of silver oxide as well as complex the silver ions.  This 
complexation mechanism keeps the constituent salt from reforming at the surface as well.  
However, some of these chemicals can increase the annealing temperature significantly 
(120ºC – 150ºC).  By contrast, drop casting yields films with high conductivities  at 
annealing temperatures of 80ºC – 100ºC due to the lack of entrained solvent.  Also, the 
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adhesion is greatly improved due to the presence of tin (II) compounds and lower film 
porosity.    
   Inkjet printing of this hybrid reactive silver ink on various substrates, such as glass 
and PET, has been explored, as shown in Figure 4.7a and b.  However, the most 
promising results are obtained using biaxially oriented poly(styrene), PS, also known 
commercially as Shrinky Dinks.  These substrates have been used in microfluidics[34] 
due to their ability to shrink to one-ninth their original area and nine times their original 
thickness upon heating above their glass transition temperature of 163ºC.  However, PS is 
not used in printed electronics due to poor adhesion of printed traces as well as poor 
wetting behavior for aqueous inks.  Our initial results confirm that discrete droplets do 
not wet this substrate, resulting in printed features that are 20 - 30 µm in diameter and, in 
some cases, over 2 µm in height, as shown in Figure 4.8a.  When the substrate is heated 
above the glass transition temperature, the induced substrate shrinkage promotes droplet 
percolation yielding conductive features that are 10 - 15 µm in width and 4 - 5 µm in 
height (Figure 4.8b).  Once connected, these features possess a conductivity of 102-3 
S/cm.  However, they do not adhere well to the substrate as shown in the bottom of 
Figure 4.8b due to their relatively high aspect ratio and porosity.  
  Using photonic annealing[35-37], the printed traces printed features undergo melting 
and reform into nearly bulk silver traces (Figure 4.9).  Substrates include PET, PS, 
PDMS, and other plastics.  Figure 4.9a shows a split-ring resonator design; the distinctive 
reflection from a smooth silver surface is readily observed in the inset.  The printed traces 
adhere strongly and cannot be removed without causing significant damage to the 
substrate.  Furthermore, upon heating to 163ºC, the width of the printed features reduces 
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from 30 - 45 µm  to 10 - 15 µm, and becomes fully enveloped by the substrate resulting 
in silver canyons shown in Figure 4.10.  The conductivity of these photonically annealed 
features ranged from 85 - 90% of bulk silver (6.23 – 6.25 x 105 S/cm) and required 
processing times of only milliseconds.  The conductive traces also have very few pores as 
shown in Figure 4.6b.  Contact profilometry also reveals smooth films with root mean 
square roughness of 28 nm ± 2 nm.  However, the substrate itself sometimes undulates 
near the silver traces resulting in overall deformation.  This phenomenon causes the 
bulges seen in the polymer film and traces.  By contrast, printed features have a surface 
roughness of 110 nm ± 23 nm and 61 nm ± 11 nm for patterns annealed at 25ºC and 
100ºC, respectively.  	  	   
4.4 Conclusions 
We have shown that a hybrid reactive silver ink can be synthesized with tunable 
viscosity, surface tension, and volatility in the absence of polymer or other common 
processing aids.  Unfortunately, these inks are only well-suited for printing onto polymer 
substrates coupled with photonic annealing.  Under these conditions with biaxially 
oriented PS, narrow (widths below 20 µm) and highly conductive traces are produced.  
Hence, there is a strong desire to further improve this hybrid reactive silver ink chemistry 
to obviate the need for photonic annealing, as described in Chapter 5.  
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4.6 Tables 
Table 4.1 
m/z Compound Comments 
22.984 Sodium Impurity 
38.992 Potassium Impurity 
58.084 Acetate ion  
63.081 Ammonium formate  
106.909 Silver  
123.954 Amminesilver (I)  
140.984 Diamminesilver (I)  
166.956 Silver (I) acetate  
180.035 Tert-butylaminesilver (I)  
197.066 Ammonia–t-butylaminesilver (I)  
215.799 Diatomic silver cluster  
232.815 Ammonia silver cluster  
253.127 Di-tert-butylaminesilver (I)  
274.867 Silver cluster monoacetate  
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4.7 Figures 
 
 
 
 
 
 
Figure 4.1. (a) Optical image of prepared ink in a scintillation vial.  (b) UV-vis spectrum 
of the reactive silver ink for inkjet printing. 
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Figure	  4.2.	  Overview	  (a)	  and	  detailed	  (b,	  c)	  MALDI	  graph	  showing	  evolved	  products	  from	  reactive	  silver	  ink. 
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Figure 4.3. (a, b) XRD patterns for films dried at 25ºC (top, blue) and 100ºC (bottom, 
red).  Asterisks in (a) denote the presence of tin compounds. 
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Figure 4.4. (a) Isothermal TGA data acquired for hybrid reactive silver inks heated to 
25ºC, 90ºC, 100ºC, and 450ºC.  (b-d) SEM micrograph of film morphology at 25ºC, 
90ºC, and 100ºC respectively. 
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Figure 4.5. Graph showing printing parameters for reliable jetting.  The blue-black oval 
shows the original reactive silver ink, while the red oval shows the alkylamine-based 
reactive silver ink. 
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Figure 4.6: (a) FIB cross-section of inkjet printed features annealed at 100ºC. (b) FIB 
cross-section of inkjet printed feature that has been photonically annealed. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: (a) Inkjet printed features annealed at 25ºC and 100ºC respectively on glass. 
(b) Inkjet printed features on PET annealed at 25ºC, 100ºC, and photonically annealed. 
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Figure 4.8: (a) Inkjet printed features on PS showing discrete droplets. (b) Inkjet printed 
features demonstrating percolation after shrinkage at 163ºC. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: (a) Optical images of inkjet printed features on PS that have been 
photonically annealed after shrinkage at 163ºC. (b) SEM images of same features at 
higher magnification. 
 
 
 
 80	  
 
 
Figure 4.10: (a) SEM images of inkjet printed PS that has been photonically annealed 
before shrinkage at 163ºC.  (b) SEM high magnification image of silver valley seen in 
PS.   
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CHAPTER 5 
SYNTHESIS AND PATTERNING OF  
ALKYLAMINE-BASED REACTIVE SILVER INKS 
 
5.1 Introduction 
     Reactive silver inks exhibit great promise for printed electronics due to their ease of 
manufacture, high conductivity, and low annealing temperatures.  Building upon the 
original and hybrid reactive silver ink designs described earlier, we now synthesize an 
alkylamine-based reactive silver ink that forms conductive features that exhibit nearly 
bulk silver conductivity at modest annealing temperatures.  This ink addresses a number 
of shortcomings the prior inks reported in Chapters 3 and 4.  One drawback of the 
original reactive silver ink chemistry is that significant gas evolution, i.e. bubble 
formation, occurs during rapid annealing.  Other limitations arise from its low viscosity 
(2 mPa•s) and high surface tension (63 mN/m), which make inkjet printing quite 
challenging[1-3] and yield less conductive features than silver nanoparticle inks[4-7].  
While the hybrid reactive silver ink (described in Chapter 4) had a higher viscosity (7.3 
mPa•s) and lower surface tension (22 – 24 mN/m) making it better suited for inkjet 
printing, it has many of the undesirable characteristics observed during annealing of the 
original reactive silver ink, such as solid shell formation, trapped porosity, and 
inconsistent electrical properties due to the volatility of the surface tension modifier.   
     Here, we describe an alkylamine-based reactive silver ink that can be inkjet printed 
through both 1 pL and 10 pL cartridges, which results in traces that maintain a consistent, 
connected morphology.  The alkylamine-based reactive silver ink can also be patterned 
by spin-coating, which has never been achievable with previous formulations.  
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Furthermore, the ink retains low annealing temperatures and high conductivities, as 
desires, without the need for photonic annealing.  However, this ink formulation has a 
lower silver content (13 wt%) and contains less benign constituents.          
5.2 Experimental Methods 
5.2.1 Materials 
Silver acetate (CH3COOAg, ReagentPlus®, 99%), isopentylamine 
((CH3)2CHCH2CH2NH2, ≥98%), tert-Octylamine ((CH3)3CCH2C(CH3)2NH2), 95%), (3-
Aminopropyl)triethoxysilane (H2N(CH2)3Si(OC2H5)3, ≥98%), propylene glycol, 
propylene glycol monomethyl ether acetate (DOWANOL® PGMEA), and formic acid 
(HCOOH, ACS Reagent, ≥98%) are purchased from Sigma-Aldrich (Milwaukee, WI).  
All chemicals are used as received without further purification. 
5.2.2 Reactive Silver Ink Synthesis 
     Improved reactive silver inks are synthesized by mixing 1.35 mL of isopentylamine, 
0.07 mL of tert-octylamine, and 0.001 mL of (3-Aminopropyl)triethoxysilane) with 0.7 
mL of deionized water.  Silver acetate (0.5 g) is then vortexed into the solution until all 
residual salt is dissolved.  The solution is then placed into a freezer and held at -20ºC for 
15 minutes until the small volume has reached at most -10ºC.  A solution of 0.125 mL 
propylene glycol and 0.09 mL formic acid that has also been held at -20ºC is then added 
into the silver acetate mixture.  Upon injection a white precipitate of silver formate forms 
that can be immediately vortexed to redissolve the compound.  After complete 
dissolution of silver formate, 0.14 mL of propylene glycol monomethyl ether acetate is 
added to the solution. If the silver and reducing agent solution were properly cooled, no 
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precipitate forms and the yield of the procedure is 100%.  However, small variations in 
temperature can lead to some precipitation with yields ≥ 95%. 
     This new complex proceeds via the following reactions:  
! 
2AgCH3CO2 + 2(CH3)2CHCH2CH2NH3OH H2O" # "  Ag2O + 2(CH3)2CHCH2CH2NH3CH3CO2 + H2O
Ag2O + 4(CH3)2CHCH2CH2NH2 + 2(CH3)2CHCH2CH2NH3CH3CO2 + H2O
(CH3 )2CHCH2CH2NH 2 / H2O" # " " " " " " " 2Ag[(CH3)2CHCH2CH2NH2]2CH3CO2 + 2(CH3)2CHCH2CH2NH3OH
 
It is well known that Tollens’ reagents require excess amine or ammonia (≥ 4:1 ratio)[8].  
The initial translucent red color that forms corresponds to dissolved silver oxide that has 
not been fully converted to the Tollens’ reagent.  Upon addition of formic acid mixed 
with propylene glycol at reduced temperature, only the protonation of acetic acid and 
formation of the silver (I) formate complex occur as long as the temperature is 
maintained at ≤ -10ºC throughout the formic acid addition.  This method results in even 
higher yields than those of Chapter 4.  While ammonium formate can also serve as the 
reducing agent without the need for refrigeration, yields are 99% and the overall silver 
wt% is lower due to the added ammonia.  The corresponding pH change of the solution is 
13.5 to 10.3.  Notably, this modified Tollens’ reagent contains a lower percentage of 
silver in solution compared to previously reported Tollens’ reagent chemistries reported 
in Chapters 3 and 4 due to the higher molecular weight of isopentylamine.    
     The alkylamine-based reactive silver ink is composed of this final solution, which 
contains di-isopentylaminesilver (I) cations, acetic acid, acetate anions, and formate 
anions.  In a sealed glass vial, the ink is stable at room temperature for 4-6 months.  
However, its stability can be extended beyond 6 months if the ink is stored in an opaque 
vial and refrigerated.   
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5.2.3 UV/Vis Absorption  
The UV/Vis absorption spectrum of the reactive silver ink is obtained using a CARY 
500 Scan UV-Vis-NIR spectrophotometer (Varian, Inc.) with a standard 1 cm liquid 
cuvette.  Background calibration is obtained using deionized water.   
5.2.4 Rheological and Surface Tension Measurements 
The ink viscosity is acquired in shear viscometry mode using a stress-controlled 
rheometer (AR-G2, TA Instruments, New Castle, DE).  Measurements are performed 
with a small double gap geometry that requires 5 mL of solution.  All measurements are 
performed at 23°C using a solvent trap to prevent evaporation.  The apparent viscosity (η) 
is acquired as a function of shear rate (10-1000 s-1) in a logarithmically ascending series.  
Small samples are also tested using a microVisc capillary viscometer to verify small 
sample consistency and changes in viscosity by adding small amounts of various 
chemical constituents for printing processes. 
Pendant drop tensiometry is performed using a Rame-Hart 250 G/T. An adjustable 
dispensing syringe is filled with the alkylamine-based reactive silver ink and slowly 
ejected out of the metal nozzle to form a sphere on the tip.  A short movie of the nozzle 
falling from the tip is captured.  Each frame is analyzed using DROPimage Advanced 
software to find the precise moment of droplet formation, and this information is used to 
perform the measurement.  These measurements are then averaged over 10 separate drops 
to yield the final surface tension value.  Each measurement set is calibrated against 
deionized water as a baseline.   
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5.2.5  Thermogravimetric Analysis 
     Thermogravimetric analysis is performed using a Q50 (TA Instruments, New Castle, 
DE).  An air environment is simulated by co-flowing 79% nitrogen and 21% oxygen at a 
volume rate of 100 mL min-1.  For the alkylamine-based samples, the samples are ramped 
at 10°C min-1 to 80ºC, 100°C, 120ºC, and 400ºC and held at this temperature for 30 min.  
Each sample consists of 40 µL of ink placed in a 90 µL alumina cup.     
5.2.6  Ink Patterning Methods 
    Spin coating is performed at room temperature at rotation speeds of 250 - 3000 rpm 
using an Integrated Technologies, Inc. P-6000.  No special pretreatments or settings were 
used for the experiments.  This method is used to obtain smooth, uniform coatings on flat 
substrates.  
    Inkjet printing is performed using a Fuji Dimatix DMP 2831 materials printer with 1 
pL and 10 pL cartridges.  Inkjet printing is carried out using an ejection frequency of 2 
kHz at 30°C with a 10 pL cartridge.  Droplets are dispensed with a spacing of 30 - 40 µm.  
A custom ejection waveform is generated in order to eliminate satellite droplet formation 
and ensure reliable printing of the ink.    
5.2.7  Electrical Characterization 
     The sheet resistance of spin-coated annealed films is measured using a RM3-AR four-
point probe coupled to a multiheight probe with a cylindrical probe head (Jandel 
Engineering Ltd., Linslade, UK).  Films are prepared by spin-coating the alkylamine-
based reactive silver ink onto a glass slide followed by annealing at 80°C, 100ºC, and 
120ºC for 15 min, respectively.  Each film height is measured using a Dektak 3030 
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(Veeco, Inc.) contact profilometer.  The electrical resistivity is determined by multiplying 
sheet resistance in Ω☐-1 by height (cm). 
5.3 Results and Discussion 
5.3.1 Design and Synthesis of Alkylamine-based Reactive Silver Inks 
     To overcome the aforementioned limitations, we created a alkylamine-based reactive 
silver ink that incorporates a primary amine. In the typical procedure, silver acetate is 
dissolved in an aqueous mixture of primary amines.  Propylene glycol and formic acid 
are then added to the resultant solution, followed by syringe filtering (pore = 0. 2 µm). 
Figure 5.1a shows the particle-free ink after synthesis. Unlike the clear ink formed using 
the original synthesis procedure, the modified ink appears slighly yellow due to the 
presence of the silver-isopentylamine complex (Figure 5.1b). The UV-Vis spectrum 
shows absorption in the region of 400 - 425 nm, indicating the reaction of silver and 
primary amine with formic acid (Figure 5.1c).  This ink is relatively stable at room 
temperature, and does not rapidly form silver particles until it is heated to 50ºC - 60ºC. 
Figure 5.1d shows the thermogravimetric analysis data for inks heated at 80ºC, 100ºC, 
and 120ºC as a function of annealing time. These curves show that the ink contains 
approximately 13 wt% silver. Notably, the volatile constituents are completely removed 
within a few minutes at 120ºC, and bubble formation is not observed during annealing.   
     The apparent viscosity of the modified reactive silver ink is 10 mPa•s, which 
represents a five-fold increase relative to the original reactive silver ink formulation. This 
viscosity is ideal for conformal coating as well as inkjet printing. By using bulkier side 
groups of alkyl amines, the ink viscosity and surface tension can be systematically tuned 
over a broad range from 5 - 50 mPa•s and 20 - 50 mN/m, respectively. This tunability 
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enables our alkylamine-based reactive silver inks to be formulated for a myriad of 
patterning techniques, including spin-coating, inkjet, aerosol jet, electrohydrodynamic jet, 
and roll-to-roll printing.      
5.3.2 Spin Coating of Alkylamine-based Reactive Silver Inks 
     The alkylamine-based reactive silver ink readily wets and spreads on glass and silicon 
substrates.  To create conformal coatings, we used spin coating due to its ubiquity in the 
electronics industry. This process is typically used to coat planar substrates with viscous 
photoresists. Despite its low viscosity compared to photoresists, our ink can be patterned 
by this method to yield thin, conformal coatings.  Figures 5.2a - c show macroscopic 
images of glass substrates coated with silver ink (6.7 wt% solids) at varying spinning 
speeds.  The coating translucency increases with increasing spinning speed. For example, 
the text beneath the coated substrates becomes visible when the spinning speed exceeds 
2000 rpm.  Figures 5.2d - f show SEM images of these coatings after patterning and 
annealing at 120°C. The coated layers are composed of a sparse mat of individual silver 
nanoparticles (diameter of 40 - 80 nm) and interconnected nanoparticle clusters, whose 
size and number density decrease with increasing spinning speed.   
     To quantify their electrical properties, we first produce dense coatings (~1.4 µm thick) 
at a low spinning speed of 250 rpm using the alkylamine-based reactive silver ink (13 
wt%), which were annealed a different temperatures and times. While an annealing time 
of 20 min is required at 80ºC and 100ºC,  only 5 min is required at 120ºC to obtain an 
electrical resistivity of ~10-5 Ω•cm (Figure 5.2g). Sheet resistance of silver networks 
produced as a function of rotation speeds using a 6.7 wt% ink is shown in Figure 5.2h. 
The sheet resistance of films at 250 rpm is 0.9 Ω sq-1 and increases with increasing 
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rotation speed due to sparse silver networks on the substrate. This data correlates directly 
with the optical transmittance levels (Figure 5.2i). We find that the optical transmittance 
of the films with 1000 rpm is 12.1% from visible to near infrared region, and up to 22.9% 
as the spinning speed increases to 3000 rpm. While higher transmittance can be obtained 
using higher spin speed (~ 6000 rpm), due to their sparse nature, those films lack a 
conductive percolating network.   
     Silicon is another highly relevant substrate, especially for applications in photovoltaic 
devices.  Typically, Si wafers are roughened to reduce their reflectivity, yielding a 
surface texture that is quite different from smooth glass substrates.  Figure 5.3a shows a 
spin-coated silver film on a textured Si wafer (Figure 5.3b). This topography makes 
conformal coating of inks fairly difficult and is why most coatings performed on these 
substrates are done using vapor deposition processes at high temperature. Figure 5.3c 
shows the sheet resistance of the ink as a function of coating speed. The sheet resistance 
can be maintained at a relatively low value without the need for complex patterning 
techniques.  Figures 5.3d - f show the micrographs of the surface at speeds of 1000, 2000, 
and 3000 rpm, respectively.  
5.3.3 Inkjet Printing of Alkylamine-based Reactive Silver Inks 
     By carefully choosing the appropriate alkylamine ligands, the alkylamine-based 
reactive silver ink exhibits low surface tension, increased adhesion, and negligible bubble 
formation without the use of polymeric additives. Figure 5.4a shows a time sequence of 
droplet formation achieved by inkjet printing this ink using a Fuji Dimatix printer 
equipped with a 10 pL cartridge. The waveform and excitation voltage are selected to 
minimize the formation of satellite droplets, which diminish pattern fidelity. Printing can 
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be performed using 1 pL cartridges.  However, since the ink does not dry rapidly at room 
temperature, it wets and spreads on the substrate yielding printed features that are 
approximately 40 µm in width.  We therefore chose to work with 10 pL cartridges due to 
their increased reliability during printing.  Figures 5.4b and c show optical and SEM 
images of the silver electrodes printed on a cellulose acetate substrate. Line widths 
ranging from 80 µm – 1.5 cm have been successfully printed. Figure 5.4d illustrates the 
microstructural evolution as a function of the number of layers deposited. Single-pass, 
printed features are both conductive (~10% of bulk silver) and translucent. Their 
electrical conductivity increases by approximately 20% per pass, such that 5-layer printed 
features exhibit nearly bulk conductivity (Figure 5.4e). Interestingly, we find that the 
layer height remains nearly unchanged despite an increasing number of passes. The 
corresponding SEM images reveal that the printed structures densify as the number of 
passes increases due to the higher concentration of silver per unit area.  Upon deposition 
of the sixth layer, the film height increases by approximately 300 nm indicating that once 
porosity in the underlying printed layers has been filled, the trace thickness will increase.  
The root mean square roughness values were 192 ± 16 nm, 161 ± 12 nm, 116 ± 9 nm, 92 
± 9 nm, and 81 ± 8 nm for layers 1 – 5, respectively.   Since the first layer is still highly 
conductive yet translucent, grid patterns (25 mm × 25 mm, line width = 80 µm) with a 
line spacing of 0.5 mm are desposited on a poly(ethyleneterepthlate) substrate (Figure 
5.4f). The text underneath the pattern is clearly visible. Figure 5.4g shows the optical 
transmittance of grid patterns deposited with varying line spacing of 0.5, 1.0, and 2.0 mm, 
respectively. At a grid spacing of 2 mm, an optical transmittance of above 90% is 
achieved.  Figure 5.5 illustrates the printability of this ink versus other reactive silver inks.  
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As denoted by the red circle, the alkylamine-based reactive silver ink is fairly well 
optimized for inkjet printing.  This is due to the We range of 80 – 160 and Re of 6 – 11 
because of the lower density of these inks compared to previous formulations ( 1 – 1.02 
g/cm3 versus 1.08 – 1.13 g/cm3) as well as low surface tension values (25 mN/m) and 
higher viscosity (10 – 12 mPa•s).  Furthermore, the stability of the ink at room 
temperature allows the user to heat the nozzle platen above 30ºC to dynamically control 
the viscosity.  Heating is much easier to accomplish in situ instead of surface energy 
reduction as with the previous inks.  This leads to high ejection velocities (8 – 10 m/s) 
with negligible formation of satellite droplets.  It should also be noted that droplet 
wetting and spreading of this ink are significantly more consistent than that observed for 
the original reactive silver ink.  Since the alkylamine ligands have a higher boiling point 
(95ºC - 97ºC), printed features did not dry during the spreading stage of droplet 
impingement on the substrate.   
     Additionally, this ink exhibits good conductivity and adhesion to hydrophobically 
treated paper provided by the Whitesides group at Harvard University.  These 
perfluorosilane-treated papers prevent large droplets from wetting and spreading, hence, 
yielding narrow, highly conductive features (5% - 10% of bulk silver) in a single pass.  
This is in stark contrast to untreated paper, in which the ink rapidly wicks and spreads 
resulting in nonconductive traces even after multiple passes.  To illustrate this point, an 
optical side-by-side comparison is given in Figure 5.6 followed by SEM images of the 
same substrates in Figure 5.7.  One can clearly see the hydrophobic paper results in well-
defined lines, and the untreated paper results in uncontrolled spreading of the silver with 
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deposition over a much larger area.  Figure 5.8 shows successively higher magnification 
SEM images of alkylamine-based reactive silver ink traces on the hydrophobic paper.   
5.4 Conclusions 
We have shown that by modifying the reactive silver ink with the appropriate 
alkylamine ligand, its printabilty can be dramatically improved without compromising 
electrical conductivity under modest annealing conditions. Using this ink, we have 
demonstrated spin coating of conformal electrodes on glass and textured Si substrates. 
We have also demonstrated the inkjet printing of highly conductive, transparent electrode 
grids on polymer substrates at annealing temperatures below 120ºC.  Although this ink 
addresses nearly all of the shortcomings of the original reactive silver ink, it uses 
constituents that are more flammable and mildly toxic at high concentrations.  The use of 
more benign ligands for diamminesilver (I) complexes would require temperatures in 
excess of 140ºC to yield highly conductive features. 
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5.6 Figures 
 
Figure 5.1. a) Optical image of the modified reactive Ag ink composed of 13 wt% solids. 
b) Schematic illustration of the key ink constituents. c) UV-vis absorbtion of the ink. d) 
Thermogravimetric analysis of the ink measured at varying temperatures as a function of 
annealing time.  
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Figure 5.2. Optical images of conductive silver films spin-coated on glass substrates at 
varying speeds of (a) 1000 rpm, (b) 2000 rpm, and (c) 3000 rpm, and annealed at 120ºC 
for 5 min. (d - f) SEM images of annealed silver films spin-coated on glass substrates at 
varying speeds. (g) Electrical resistivity of dense silver coatings produced at a spinning 
speed of 250 rpm using the modified reactive silve ink composed of 13 wt% solids, 
followed by annealing at different temperatures and times. (h) Sheet resistance of 
annealed silver films spin-coated using an ink with 6.7 wt% solids as a function of 
rotation speed.  (i) Transmittance of annealed silver films with varying rotation speed. 
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Figure 5.3. (a) Optical image of a conductive silver film spin-coated on a textured Si 
wafer. (b) SEM image of the textured Si wafer. (c) Sheet resistance of silver films spin-
coated on the textured Si wafers using an ink with 6.7 wt% solids of varying rotation 
speed, followed by annealing at 120ºC for 5 min. (d-f) SEM images of annealed silver 
films spin-coated on the textured Si wafers of varying the rotation speed.  
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Figure 5.4. (a) Optical image of droplet formation from a 10 pL cartridge with a 10 µsec 
interval between images. (b) Optical image of conductive pattern produced on cellulose 
acetate after a single pass. (c) Micrographs of the smallest lines produced in part (b). (d) 
SEM micrographs of the silver microstructure as a function of layers.  (e) Resistivity 
(µΩ•cm) and feature height (µm) as a function of the number of layers deposited. (f) 
Square (25 mm x 25 mm) grid with 0.5 mm spacing between 80 µm features. (g) UV-Vis 
transmittance of conductive grids as a function of grid spacing. 
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Figure 5.5. Graph showing printing parameters for reliable jetting.  The blue-black oval 
shows the original reactive silver ink, the green oval shows the hybrid ink, and the red 
oval shows the alkylamine-based reactive silver ink. 
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Figure 5.6: Side-by-side optical images of single pass inkjet printed features on 
hydrophobically treated tracing paper with the treated paper on the left and untreated 
paper on the right. 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.7: SEM image of side-by-side inkjet printed features with hydrophobically 
treated paper on the left and untreated paper on the right. 
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Figure 5.8: Successive SEM images showing higher magnification of single pass inkjet 
printed features on hydrophobically treated paper. 
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CHAPTER 6 
CONCLUSIONS 
 
My dissertation describes the design, synthesis, and patterning of reactive silver inks 
that enable high performance printed silver electrodes at low annealing temperatures.  
These inks are also low cost, easy to manufacture, and can be tuned for a variety of 
printing techniques.  The principle findings of my Ph.D. research are summarized below: 
(1) Facile synthesis of reactive silver inks 
 Reactive silver inks can be synthesized via a modified Tollens’ reagent process 
without concern for explosive by products or shelf-life.  It is truly a one-pot 
synthesis without the need for pre- or post-processing steps for a functional ink. 
(2) Reactive silver inks can be tuned for a variety of printing processes 
(a) The ink can be printed via DIW through sub micron nozzles to create features that 
wet and spread to just a few microns.  These features are quite small compared to 
inkjet and are conductive on the first pass.  They can also be omnidirectionally 
printed over small distances due to their fast drying times. 
(b) Airbrush spraying can also be achieved using this ink due to its relatively low 
viscosity.   
(c) By modifying the complexing ligands using various alkylamines, the ink can be 
tuned for inkjet printing.  Additionally, good adhesion can be obtained by the 
judicious choice of alkylamine adhesion promoters. 
(d) Finally, the ink can also be spin coated on both flat and textured substrates to 
create conductive features. 
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(3) Annealing at low temperatures yields high conductivities 
 For the ammonia, hybrid, and aklyamine-based reactive silver inks, annealing at 
temperatures ranging from 80ºC - 120ºC for just a few minutes yielded 
conductivities of nearly bulk silver.  These conductivities are unprecedented for 
currently popular nanoparticle inks and more conductive than other reported 
precursor inks at lower temperatures.  However, only the alkylamine-based ink 
created highly conductive features using inkjet printing. 	  
